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ABSTRACT
The ontogenetic diet shift to piscivory can be energetically benefi-
cial for fish growth and allows larger, more energetically profit-
able prey to be consumed. A shift to piscivory may be easier for
longer individuals within a cohort due to larger gape size, and an
early shift is likely advantageous, potentially leading to increased
growth rates and survival. Such length-dependent ontogenetic
diet shifts may explain the intracohort variability in length that is
common for age-0 walleye (Sander vitreus). The objectives of this
study were to describe seasonal intracohort variability in length,
identify the timing of the shift to piscivory and determine if the
onset of piscivory was length-dependent in age-0 walleye.
Walleye initially fed on zooplankton, but shifted to piscivory dur-
ing July of 2010 and June of 2011. The onset of piscivory in age-0
walleye was associated with length-dependent differences during
both years, in which longer individuals within the cohort became
piscivorous earlier than shorter individuals within the same
cohort. Intracohort variability in length was detected and
increased postontogenetic diet shift. Age-0 walleye that experi-
ence a growth advantage could benefit from increased survival
and feeding opportunities.
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Several ontogenetic diet shifts commonly occur during fishes first year of life as endogen-
ous feeding on yolk shifts to exogenous feeding on zooplankton, other invertebrates, and
fish. The ontogenetic diet shift to piscivory can be energetically beneficial for fish develop-
ment and allows larger, more energetically profitable prey to be consumed (Galarowicz
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and Wahl 2005). The shift to piscivory generally occurs once the predator’s gape is large
enough to allow for the consumption of fish (Bremigan and Stein 1994) or when piscivory
becomes energetically advantageous (Galarowicz and Wahl 2005; Graeb et al. 2006).
Piscivory may provide a more stoichiometrically balanced diet, providing essential
nutrients that increase assimilation of all other nutrients and increase growth rates
(McIntyre and Flecker 2010). Though the shift to piscivory is known to provide an ener-
getic advantage, the mechanisms that control the onset of piscivory are not
fully understood.
Variability in the timing of the shift to piscivory among species is common
(Mittelbach and Persson 1998) and has been attributed to differences in feeding behavior,
morphology, and life-history patterns (Graeb et al. 2005). Within a population, variability
in length can lead to individual differences in the timing of ontogenetic diet shifts
(Vander Zanden et al. 1998; Post 2003; Yasuno et al. 2012). Early hatched age-0 large-
mouth bass (Micropterus salmoides) were longer and became piscivorous earlier than late
hatched members of the same cohort (Post 2003; Yasuno et al. 2012). Furthermore, after
shifting to piscivory, earlier hatched largemouth bass experienced significantly faster
growth rates compared to bass hatched later (Post 2003). While age-0 walleye (Sander
vitreus) have been found to shift to piscivory at anywhere from 10 to 100mm (Walker
and Applegate 1976; Li and Ayles 1981; Mathias and Li 1982; Schademann 1987; Johnson
et al. 1988), questions remain as to whether this transition is length-dependent.
Initial intracohort variability in length of age-0 walleye can occur in both naturally
reproducing and stocked populations (Roseman 1997; Quist et al. 2004), likely because of
variability in egg characteristics (Moodie et al. 1989) and hatch dates (Mion et al. 1998;
Katt et al. 2011). Resultant small, initial differences in length may lead to differences in
the timing of ontogenetic diet shifts. We hypothesized that these initial differences in
length within a cohort of age-0 walleye would influence food habits, the timing of the
onset of piscivory, and intracohort variability in length. The objectives of this study were
to (1) describe seasonal intracohort variability in length, (2) identify the timing of the
shift to piscivory, and (3) determine if the timing of the shift to piscivory is length-
dependent for age-0 walleye in Harlan County Reservoir.
Materials and methods
Study site
Harlan County Reservoir is located in south-central Nebraska and is primarily used for
irrigation, flood control, and recreation. The reservoir was constructed between 1947 and
1952 and is owned and operated by the U.S. Army Corp of Engineers. Harlan County
Reservoir receives direct inflow from the Republican River. At conservation pool the res-
ervoir is approximately 5,362 surface hectares with a mean depth of 4m and a maximum
depth of 18m (USBR 2010). Long fetch and prevailing high winds allow only weak ther-
mal stratification during summer (Olds et al. 2011). As with many irrigation reservoirs,
frequent water-level fluctuations in Harlan County Reservoir create a dynamic environ-
ment but zooplankton are spatially homogenous throughout the reservoir (Maline et al.
2011). The reservoir is classified as eutrophic to hypereutrophic based on the trophic state
index (Carlson 1977; Olds et al. 2011). The Nebraska Game and Parks Commission man-
ages the fishery primarily for walleye and white bass (Morone chrysops), but other popular
sport fishes include black crappie (Pomoxis nigromaculatus), channel catfish (Ictalurus
punctatus), and white crappie (Pomoxis annularis). Gizzard shad (Dorosoma cepedianum)
28 C. S. UPHOFF ET AL.
is the most abundant prey fish in this reservoir (Olson et al. 2007; Sullivan et al. 2011).
The walleye population in Harlan County Reservoir is largely supported by stocking wall-
eye fry (OTC marks corrected for false positives averaged 91% [SE¼ 2.2%] over 7 years;
Uphoff 2012; Woiak 2014; Miller 2017) which occurred during both years of this study.
Recent concerns related to variable recruitment of walleye within Harlan County
Reservoir have led to the investigation of possible factors influencing these intracohort
length differences. A better understanding of intracohort variability in length and tim-
ing of the onset of piscivory may identify factors that limit walleye recruitment in this
reservoir. Observations of age-0 walleye from Harlan County Reservoir reveal initial
(preshift to piscivory) differences in length that may lead to intracohort variability in
length at the onset of piscivory and subsequent increased difference in growth rates
within a cohort; however, empirical evidence to support this premise for walleye is
currently lacking.
Fish sampling
Age-0 walleye were sampled during 9 periods from 10 May (approximately two weeks
after walleye fry stocking) through 16 November 2010 and during six periods from 16
May through 11 October 2011. Gears used to collect age-0 walleye included push nets in
May, seines in June, and bottom trawls, gill nets, and a boat electrofisher (July through
October). Push nets consisted of two icthyoplankton nets mounted to the front of a boat
with a metal frame so that the top of each net was just below the water surface during
sampling at a speed of 0.5m/s. Each icthyoplankton net was circular with the larger net
having a diameter of 1.0m (1.8-mm mesh) and the smaller net having a diameter of
0.5m (0.75-mm mesh). Bag seines were 15.25m long and consisted of 0.63-cm bar-mesh
netting. Bottom trawls were 4.88-m wide and consisted of 1.27-cm bar-mesh netting
throughout with a 0.63-cm bar-mesh cod-end liner. Experimental monofilament gill nets
(1.83 60.96m) consisted of two equal sized 30.48-m complements of 1.27- and 1.90-cm
bar mesh. The boat electrofisher was a Smith-Root model SR-16S and target output was
5–8A of pulsed-DC current at 100–200V (Schoenebeck et al. 2015). All sampled fish
were immediately placed on ice, measured (total length [mm]) and weighed (g) at the
laboratory, and then dissected to remove the otoliths and viscera. Age was assigned based
on fish length and was verified by reading whole-view and cracked otoliths under a dis-
secting microscope.
Gut-content analysis
The viscera were removed from age-0 walleye and placed in a 4% formalin solution.
Stomach contents of age-0 walleye were enumerated and weighed in the laboratory. The
timing of the shift to piscivory was identified using a combination of the presence of pis-
civorous fish (defined as having fish in the diet) and the percent of fish stomach contents
by weight and the mean lengths of piscivorous and nonpiscivorous age-0 walleye during
the transitional periods of 2010 and 2011 were compared. Lengths of piscivorous and
nonpiscivorous walleye from July 2010 were compared using a t-test assuming equal var-
iances and lengths from June 2011 were compared using a Mann–Whitney U test because
the data were nonparametric and variances were unequal. We also used logistic regression
to predict the length of the shift to piscivory for each year.
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Results
Intracohort variability in length increased throughout the growing season during both
years of the study (Figure 1). Totals of 211 and 182 age-0 walleye were examined for gut-
content analysis during 2010 and 2011, respectively, and food habits of age-0 walleye were
similar between years (Tables 1 and 2). During both years, exogenously feeding age-0
walleye were initially zooplanktivorous (largely Calanoid Copepods) and macroinverte-
brates were only a minor component of the diet prior to walleye shifting to piscivory in
which gizzard shad were the dominant item consumed (Tables 1 and 2). The onset of pis-
civory for age-0 walleye occurred between 14 June and 6 July 2010 which saw an increase
in the percent of piscivorous fish from 6% (1 fish) to 69% of fish and an increase of the
Table 1. Mean percent composition by weight for stomach contents from age-0 walleye in Harlan County Reservoir,
Nebraska, during May through November 2010.
Month May June July August August September September October November
Dates 10–17 8–14 6 3 16–17 10–16 30 13–19 16
N 42 19 15 16 24 27 33 21 14
Empty stomachs (n) 21 2 2 2 10 5 2 2 5
Mean length (mm) 15 50 87 133 144 180 205 208 254
SE of mean length (mm) 0.5 1.7 3.0 3.4 4.3 5.2 3.7 8.6 7.8
Daphnia spp. 0 9.8 0 0 0 0 0 0 0
Calanoid copepods 68.8 76.1 2.2 0 0 0 0 0 0
Unidentified copepods 17.6 0 0 0 0 0 0 0 0
Unidentified zooplankton 13.6 0.0 0 0 0 0 0 0 0
Ephemeridae 0 0 <0.1 0 0 <0.1 0 0 0
Chironomidae 0 1.6 0 <0.1 0 <0.1 0 0 0
Uni. macroinvertebrates 0 0 0 <0.1 0 <0.1 0 0 0
Gizzard shad 0 0 92.2 81.5 94.2 96.6 96.4 96.1 100.0
Bluegilla 0 0 0 5.9 1.9 0 0 0.9 0
Unidentified fish 0 12.6 5.6 12.6 3.8 3.3 3.6 3.0 0
Dates in which sampling occurred, sample size (n), number of fish with empty stomachs, mean length, and standard
error (SE) of the mean length of age-0 walleye during each sampling period are also reported.
aScientific names: Bluegill (Lepomis macrochirus).
Figure 1. Mean length by month (solid line) plus/minus two times the monthly sample standard deviation (dashed
line) for age-0 walleye collected from Harlan County Reservoir, Nebraska during 2010 and 2011.
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stomach contents by weight from 12.6% to 97.8% (Figure 2). The onset of piscivory
occurred between 20 May and 16 June 2011 which saw an increase in the percent of pis-
civorous fish from 0% to 33% and an increase of the stomach contents by weight from
0.0% to 85.4% (Figure 2). Therefore, individual diets and respective lengths of age-0 wall-
eye collected on 6 July 2010 and 16–25 June 2011 were used to investigate if the shift to
piscivory was length dependent.
Age-0 walleye displayed a length-dependent diet shift to piscivory during 2010 and
2011 as longer age-0 walleye shifted to piscivory earlier than shorter age-0 walleye (Figure 3).
Piscivorous age-0 walleye (mean TL± SE¼ 93 ± 4.2) were longer (t-stat¼ 3.42, df¼ 11,
P¼ 0.002) than nonpiscivorous members of their cohort (mean TL± SE¼ 70 ± 3.2) during
2010. The same relationship was true during 2011 when the mean length of piscivorous age-0
Table 2. Mean percent composition by weight for stomach contents from age-0 walleye in Harlan County Reservoir,
Nebraska, during May through October 2011.
Month May June July August September October
Dates 16–20 16–25 15–18 15–17 13–27 11
N 48 22 27 27 25 33
Empty stomachs (n) 39 4 5 5 6 3
Mean length (mm) 13 45 86 146 192 191
SE of mean length (mm) 0.2 3.5 2.1 5.1 5.6 4.5
Daphnia spp. 3.7 0.6 0 0 0 <0.1
Calanoid copepods 14.8 0 0.3 0 0 0
Unidentified copepods 66.7 0 0 0 0 0
Ephemeridae 0 0 0 1.4 0 0
Chironomidae 14.8 14.1 0.5 0.2 0.1 <0.1
Uni. macroinvertebrates 0 0 0 0 0 0
Gizzard shad 0 25.0 0 47.9 89.3 85.9
Bluegill 0 0 6.4 4.0 0 0
Freshwater druma 0 0 0 20.0 0 0
Sand shinera 0 0 0 0 0 3.6
Crappie 0 0 0 7.7 0 0
Unidentified fish 0 60.4 92.8 18.7 10.7 10.4
Dates in which sampling occurred, sample size (n), number of fish with empty stomachs, mean length, and standard
error (SE) of the mean length of age-0 walleye during each sampling period are also reported.
aScientific names: Freshwater Drum (Aplodinotus grunniens), Sand Shiner (Notropis stramine).
Figure 2. Percentage of piscivorous and nonpiscivorous age-0 walleye for each sampling period during 2010 and
2011 from Harlan County Reservoir, Nebraska. Walleye with empty stomachs were not included.
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walleye (mean TL± SE¼ 61 ± 6.0) was greater (Mann–Whitney U¼ 11.5, df ¼17, P¼ 0.011)
than the mean length of nonpiscivorous age-0 walleye (mean TL± SE¼ 37 ± 1.2). The pre-
dicted length of age-0 walleye at the shift to piscivory was 77mm in 2010 and 47mm in 2011
(Figure 3). In subsequent sampling events following these periods of shift fish made up greater
than 98% of the diet by weight. Therefore, while the onset of piscivory was initially length-
dependent, eventually all lengths of age-0 walleye became piscivorous.
Discussion
Age-0 walleye food habits are an important component in understanding possible biotic
limitations to their growth and survival. Age-0 walleye followed a similar ontogenetic diet
Figure 3. Length frequency distribution of piscivorous and nonpiscivorous age-0 walleye during July 2010 and June
2011 from Harlan County Reservoir, Nebraska.
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shift pattern during both years of this study, shifting from zooplankton to piscivory dur-
ing June and July and then consuming mostly fish during the rest of the sampling season.
Several studies have illustrated macroinvertebrates as an intermediate prey type between
zooplankton and fish (Mathias and Li 1982; Galarowicz and Wahl 2005); however, the
importance of macroinvertebrates to the diet of age-0 walleye in Harlan County Reservoir
was low, as it was in several South Dakota systems (Jackson et al. 1992; Beck et al. 1998).
Availability of more energetically profitable prey can reduce consumption of less profitable
prey (Galarowicz et al. 2006). Age-0 walleye may not utilize an intermediate prey type
between zooplankton and fish in this system because of the fast growth rates of age-0
walleye (Schumann et al. 2018) and the availability of gizzard shad (Sullivan et al. 2011;
Miller et al. 2018).
This study demonstrates the onset of piscivory within a cohort of age-0 walleye can be
length-dependent. Expectations were that early differences in age-0 walleye length would
allow the longer fish in a cohort to shift to piscivory sooner than the shorter fish of that
cohort due to gape limitations. Initial intracohort variability in length occurred in Harlan
County Reservoir, as it has in other stocked and naturally reproducing walleye popula-
tions (Roseman 1997; Quist et al. 2004). Both population types can experience initial
intracohort variability in length due to differences in hatch date of larval walleye. For
example, walleye fry stocking in Harlan County Reservoir occurred over a 12 day period
in 2011 and walleye hatching was observed over a four week period in tributaries to Lake
Erie (Mion et al. 1998). Similar to age-0 largemouth bass (Post 2003; Yasuno et al. 2012),
initial intracohort variability in length of age-0 walleye resulted in intracohort differences
in the onset of piscivory, with longer walleye within the cohort shifting to piscivory earlier
than shorter walleye within the cohort. However, length-dependent differences in diet did
not persist as all lengths of age-0 walleye eventually shifted to piscivory. The length
threshold between piscivorous and nonpiscivorous age-0 walleye was around 77mm in
2010 and 47mm in 2011, which is among reported lengths of age-0 walleye shifting to
piscivory in previous studies (Walker and Applegate 1976; Li and Ayles 1981; Mathias
and Li 1982; Schademann 1987; Johnson et al. 1988). Although the shift to piscivory was
length-dependent within each year’s cohort, the difference in the lengths at which the
shift to piscivory occurred was different among years suggesting walleye can shift to pisci-
vory at a range of lengths instead of a set length threshold that needs to be achieved. This
may also suggest other factors may be more responsible for the time of the shift such as
the density of appropriately sized prey (e.g. age-0 gizzard shad). The peak abundance of
larval gizzard shad in Harlan County Reservoir has historically varied annually over the
past 12 years from late May to late June and (Sullivan et al. 2011; Miller et al. 2018).
Interestingly, the week of peak larval gizzard shad density fell within the window of the
observed shift to piscivory during both 2010 (14 June) and 2011 (10 June) suggesting the
availability of prey is important to the timing of the shift for age-0 walleye. Both years
had relatively low peak larval shad densities (1.0 larval shad per m3, SE¼ 0.2 in 2010 and
1.7, SE¼ 0.7 in 2011) compared to the 12-year average of 2.4 larval gizzard shad per m3
(SE¼ 0.5). The average length of available larval gizzard shad was (16.17mm, SE¼ 0.05 in
2010 and 12.25mm, SE¼ 0.03 in 2011). Given the timing of peak larval shad abundance
matched the timing of the walleye shift to piscivory, we postulate that the peak of larval
gizzard shad density could be a determining factor in the shift to piscivory for age-0
walleye in similar systems with similar prey base.
The timing of ontogenetic diet shifts of age-0 walleye may likely be different during
years of slower growth or in other populations that exhibit slower growth. Mean total
length of age-0 walleye by October 2010 (208mm) and 2011(191mm) was near average
JOURNAL OF FRESHWATER ECOLOGY 33
(198mm) for Harlan County Reservoir (Uphoff et al. 2013). In past years, average length
of age-0 walleye in Harlan County Reservoir has been as short as 129mm in October
(Uphoff et al. 2013). Average length of age-0 walleye caught during fall electrofishing
from 10 eastern South Dakota lakes ranged from 134 to 197mm (Schall et al. 2015) and
average lengths of age-0 walleye caught during October in Minnesota lakes were as small
as 99mm (Borkholder and Parsons 2001). In some of these situations, shorter, slower
growing walleye would likely have fewer prey fish available due to gape limitations. While
fast growth allows the cohort to quickly shift to piscivory, slower growth may increase the
length of time it takes for the cohort to shift. If only larger prey fish are available, and
length-dependent onset of piscivory occurs, shorter age-0 walleye may not become pisciv-
orous within the first growing season. Intracohort variability in length for age-0 fish can
lead to immediate and future life-history consequences. For example, age-0 walleye that
experience an early growth advantage could benefit from increased survival and feeding
opportunities. Conversely, slower growing individuals would be more susceptible to pre-
dation (Miller et al. 1988; Post et al. 1998) and are less likely to survive periods of starva-
tion (Post et al. 1998; Biro et al. 2004).
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